UNCLASSIFIED

AD NUMBER

AD467049

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; 29 APR
1965. Other requests shall be referred to
Naval Ordnance Labs., White Oak, MD.

AUTHORITY

NOL 1ltr, 12 Dec 1972

THIS PAGE IS UNCLASSIFIED




5-50

BBLTR 6

A CORRELATION OF POLYMERIC -

STRUCTURE TG ABLATIVE PROPERTIES

, P . o
- .. R . .
. . .
N Y .
v « ~
' -
- * s
Ao - 2 . . =
. - s s e
; . A d
N - Fatd B
. 3
o .
N .
- ot

f

-

v

)

f

f

YEAND:

AR

(R

ﬂﬂkk

iTE

.

ORATORY, WH

e

NAVAL CRONANCE LAB

TATES

-

’S

iTED-

UN

+

»e

e e ot e e

. ﬁ
.
- . m
. ¥
- s .
R -~
K F
H
N ” b
. !
s
. .
. ‘ : ¢
- B
~
- B
~ -
. . " s -
.
N N
-~ ' n
. ~
. N .
-
B
. ~
~
.
.
" -
. - D)
.o L
7
N -t .
N - -
) .
- -

P taN G
o iy, >
A W e
IR T




NOTICE: When goveroment or other drawings, speci-
fications or other date are used for any purpose
other than in connection with a definitely related

. government procurement operation. the U. 8.
Government thereby incurs no responsibility, nor any :
obligation whatsoever; and the fact thet the Govern- ‘
ment may have formulated, furnished, or in any way
supplied the said drawings, specificetions, or other
date is not to be regarded by implication or other-
vise as in any mupner licensing the holder or any
other person or corporation, or conveylng any rights
or permission to manufacture, use or sell any
natented invention that may in any way be related
thereto.

i
¢
i




Requests for additional copies by Agencies of the Department of Defense,
their contractors, and other Government agencies should be directed to:

Defense Documentation Center (DDC)

Cameron Station

Alexandria, Virginia
Department of Defense contractors who nave established DDC services or
have their 'need-to-know' certified by the cognizant military agency of
their project or contract should also request copies from DDC,

NOTICE .



FOLTR 65-50

A CORRELATION OF POLYMERIC STRUCTURE TO ABLATIVE FROPERTIES

Prepared by:
Gerald J. Meming

ABSTRACT: The work contained in this report encompasses an attempt to
corralate the chemical and physical structure of a polymer with its ablative
performance. A broad rarge of epoxy resins and curing agents were employed
as model systems. Various tools such &s "alpha rod" testing, thermo-
gravimetric analysis, crosslink density studies, snd infra~red spectroscopy
were uged in making this correlation.

'The epoxy novolac type resin performed the Yest of all the epoxy resins

in the "sipha rod" oxy~acetylene torch test while nadic methyl anhydride
performed as the best curing agent for epoxy resins under these ablative
conditions. The use of a refractory filler such as Si0, was found to be
necessary for good performance. The mechanism through ch this filler
alds the ablative properties of materials is expinined with the help of

photouicrographs.
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A CORRELATION OF POLYMERIC STRUCTURE TO ABIATIVE PROPERTIES

This report encompasses the first of thyee phages of the High Texperaturs
Ablating Materials Prograa. The work end conclusions reported here should
facilitate the synthesis of new organic polymers specificelly designed to
perform in hyperthermal envirommentsa. The work was conducted under Bureau
of Naval Weepons Tisk RRMA 03-043/212~1/R00T-04<01, Problem Assignment

No. Th-4, Bigh Te persture Ablating Materials.

Many of the mat:rials discussed in this report were obtained from commercial
sources. Their eveluation by the Laboratory in no way implies Navy endorsze-
ment for their high temperature usage. Neither is this consideration of s
eaterial by the FKavy 0 be used for promotional purposes. There is no
implication intended that other materials might nct have performed as well
as those selected for these studlies.
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IFTRODUCTION :
t

During the past ten or fifteen years, the aerospace industry has
Pplaced strenuous demands upon our inventory of high tedpersture organic
polymers. These polymerge have served in a variety of ablative arees
such a8 in nose cones, reckat cdades and nozzle sections, and heat ghields
for re~catry vehicles. 'Theas polyusrie materials are not ideal but they
do perform their function adequately, for the wmost part. Eowever, the
demands of our migsiles with their ever incressing energy ilimits, will
tax the perfurmance of our present day sblative insulators to the point
of failure.

A great deal of amblative test’ng of candidate fmsulastor materials
bas been performed in the past several yeer.. A wide specism of polymeric
materials have been screened alopme and in combination with varied percent
and type of f£illers in a number of iifferent sblative envirconments, As
& result, the more promising materials were tested further wmder the
more exacting conditions of their proposed use, and were finally chosen
88 accepteble or discarded.

Howaver, performance~wise, we have almost comwpletely exhausted our
readily available polymeric insulators and combirstions thesyeof. To
further increase ablatiwe insulation efficiency, we must synthesize new
polymers. To do this we muct have a better insight into what e geod
ablative insulator is structurslly composed of. Therefore, it iv the
purposie of the work reported herein to correlr e the chemical and
physical properties of orgsilc polymers with thelr sbletive performance.

It hes been generally believed that organier polvmers containing
& large percent of aromaticity and a high crosslink density would give
the best ablative performance. This is exhibited by the ypxenolic resins.
However, several deviatiuns from this so-called "rule" were found in
the work reported here.

This program has been divided into *hree main phases. The first
phase of the work is contelnsd in this report. It involves research
on the more common epoxy resins commercially availsble to relate structure
to thermsl stebility and ablative performsnce. (Epoxy resins were used
as model compounds.) Various curing agents were alec used %o determine the
dependence of epoxy resins on their cucing egents in this same regaxd.
The second phase encompasses 8§ study of the more exotic epoxy resins with
novel structures including the family of epoxy novolacs. This second
phase will terminate the research on commercislly aveilable epoxy resins.
Based on the conclusions derived from Phase I and Phase II deta, a
syntheses program (Phase III), will be undertaken. This synthesis will
te aimed at integrating in one polymer as many of the structural components
ag possible which will give g good ablating materiel.

[ECVTRRY BT LN,
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Regearch was performed on the model epoxy compounds described herein
by means of thermal gravimetric analyses, infrared spectroscopy and "alphas
rod"” testing. This report contains the data from thesc tests, its meaning
and 1ts use towards the correlation of the chemical and physical properties
of a polymer with its ablative properties.

THEORETICAL

Genersl

In order that the purpose of this program be achieved it was essential
that & model system be employed. Toward that end the family of epoxy resins
was chosen. Epoxy resins serve well as model compounds for s number of
reagons. First, & wide variety of resin structures is possible, ranging
from the highly aromatic and highly functional rnovolac type to the conventional
bisphencl-A~epichlorohydrin condensate to the cyclic aliphatic type to the
straight chain aliphatic type and so forth. 1In short, an epoxide resin
cen be made from virtually any type of chemical structure. Also, the curing
agents employ=zd with epoxy resins offer versatility in regards to mode or
type e.g., & pclyomine resin will result from the use of an amine curing
agent or a polyester type resin as a result of an anhydride cure or polyether
type resin as a result of a cstalytic ~ure with a tertiary emine. The curing
agents also offer versatility in that they may be aromatic, straight chaln
alizhatic, cyclic aliphatic, heterocyclic, and so forth.

Second, and rost important, you can determine with a good degree of
certainty, the clemicel aad physical properties of the finel polymerized
structure. Knnwledge of the final structure is essential for ths ; urpose
of this program and is arrived at by: 1) knowing the initial resia and
curing agent structure, 2) knowing in detail, the reactions to be expected
during the cure of the resin, 3) chemical end-group analysis to determine
the percent conversion of eproxide, 4) crosslink studies to determine the
crosslink denvi%y, 5) 3nfrared swectrographic analysis to determine
completeness ol convers’ca of epoxide and consumption of curing agent.

Third, the epoxides were chosen as the model syrtem because they are
relatively eacy to work with. Last out by no means least, the epoxides
have shown some promise already in aerosgpace applications such as heat
shields for re-entry vehicles. Therefore, although realizing that better
ablators could be prepared for near-immedigte use by optimizing filler-
pclymer combinations of exicting aerospace materials, it was felt that
the conclusions derived from this study of model compounds would be more
valuable over the long run.

Epoxy Resins Used in Phase I

The choice of epoxy resins was designed to explore the structural
spectrum of epoxy resins in regards to the aims of this progran.

A}
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In Figure 1, the jidealized structure of an epoxy novolsc is
represented in formula 1. This novolac, it was predicted, would give

the best ablative performance due to its high degree of aromaticity and
functionality.

Formula 2 of Figure 1l again represents an idealized structure of
a resin that is actually composad of various isomers and homologues. This
compound looked interesting because its high degree of aromaticity and |
functionality is equal to that of many of the novolacs. i

The "standard" epoxy resin, the bisphenol-A-epichlorohydrin condensate
is represented by formula 3 in Figure 1. This resin is the "workhorse"
of reinforced plastics. A close look st its thexrmal stability and ablative
performance was desired so that we might have a "standard" with which to
compare future work. Our final choice of resin was a purely aliphatic
epoxy resin with low functionality as represented by formula b in Figure 1.

Curing Agents Used in FPhase X

The shoice of curing agents was designed to cover .he range of curing
agents from di and trifuncticnal enhydrider to aliphatic and sromatic
amines. The curing agents are represented in Figure 2. Ideally, each
curing agent would be used with each epoxy resin in Figure 1. However,
due to cure difficulties such as insolubility and high exotherm, this
was not always possible.

Mechanism for Amine Cure of Epoxy Resins

The three reactions which are possible when curing an epoxy resin
with an amine are shown in Figure 3. The nucleophilic attack by the
nitrogen atom on the epoxide carbon to form secondary and tertiary amines
18 the main reaction (Fig. 3, No. 1 aud No. 2) as shown by Wynstre, et
2l (ref. (a)). Reaction No. 3, Figure 3 is an etherification type reaction
which can occur between epoxide groups and hydroxyl groups. These are
formed for exmmple ir reactions (1) and (2). However, reaction No. 3
seldom occurs below 200°C when uncatalyzed. Tertiavy amines can catalyze
this reaction at much lower temperatures but the tertiary amines formed
in reaction No. 2 are too sterically hindered and immobile to efficiently
catalyze rection Xo. 3. The hydroxyl formed in No. 1 and Fo. 2 can aid
the amine epoxide, reaction by hydrogen bonding to the epoxide oxygen
and thereby aiding the opening of the ring. Therefore, reactions No. 1
and No. 2 are by far the main reactions almost to the exclusion of reaction
No. 3.

Mechanism for Acid Anhydride Cure of Epoxy Resins

The mechanism of cure of epoxy-anhydride systems ls generally more
complex than for epoxy-smine systems. The three major competing reactions
in epoxy-enhydride systems aie given in Figure 4. The anhydride ring is
gsomevhat unresctive in regards to epoxy. Therefore, in reaction No. 1,
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the anhydride reacts with an hydroxyl group to form the monoester and
the monoacid. Then, the monoacid may react with an epoxide to give the

diester and an hydroxyl wlth which to continue the polymerization as in
resetion Ro. 1.

However, reaction No. 3 assumes lmpoxrtsunce in the anhydride cure
of epoxy resins as noted by Dearborn, et al {ref. (b)). The acid catalywed
etherification reaction results in a polyether wherees the anhydride-
epoxy reaction results in a polyester. Therefore, the properties, both
thermal and mechanical, of the cured polymer will depend upon what extent
this reaction (No. 3), competes with reactions No. 1 and Wo. 2.

In the acid anhydride cuxe of the epoxy resins of this progranm,
85% of the stoichicmetric amount of curing agent was used. ‘This allows
for 15% etherification. It would bave been prohivitive timewise, to
optimize the polyether-polyester ratio for each system and therefore the
85% stoichiometric amount of anhydride was chosen.

Filler

This program is ultimately concerned with the development of a better
organic ablator than is currently avallable. However, it was felt that
some of the epoxide models used might ablate so quickly in the "alpha rod"
test that differences in ablation rate would not be discernible. Therefore,
it was decided to test both filled and unfilled specimens.

The choice of filler was dictated by a variety of factors vwhich
include handling, as well as its past use in ablative composites. A
20% 1 of finely ground (+ 100 mesh) S10, was used throughout along
with 5.0% (of the 20% filler) T10,. The thought behind the TiO, was
that it might possibly reduce ative heat by partially reflecting
it. As we shall sec later however, it proved to be of little if any value.

EXPERIMENTAL

The resins and curing agents given in Pigures 1 and 2 were mixed
and cired according to set schedules. As mentioned before, due to diffi-
culties in solubility, exotkerm and so forth, not all curing agents were
used with every epoxy resin. The stolchlometric amount was used for
axine curing agents. In the case of anhydride curing agents 35% of the
stoichiometric amount was used for reasons outlined above in the theoretical
section. Postcures up to two days and 225°C were imposed upon the systems
depending on the resin and curing agent involved.

As g rule, 200 gm quantities of resin were used. After mixing
the curing agent and resin, castings were made in rod shepes approximately
one inch by five inches. These rods were then either machined into
"alpha rods" or ground into powder and sieved (+ 60 mesh) for the various
experiments.

i
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Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) was one of the two major tools
used in this program. From TGA X-Y plots, one can readily observe the
thermal stability of a polymer. Also, it was hoped that some correlations
between the TGA curve of a polymer and its ablative performance could be
made. As we shall see later on, this was possidle to some extent.

The TGA spparatus used in this program was constructed around an
Ainsworth Model RU~-AV-2 semimicro vacuum recording balanca. The apparatus
and its operstional characteristics sre given in reference (e¢). A plcture
of the apparatus 1s given in Figure 5.

Generally, twenty milligrem powdered samples, (+ 60 mesh - 80) were
employed in the TGA. The entire system was put under & vacuum at spproxi-
mately 0.05 mn Hg and a heating rate of 5°C/min was used. The X-Y TGA
plots shown in this report were redrawn from the tracings of the TGA
apparatus's two-pen Bristol recorder.

"Alpha-Rod" Testing

The "alpha~rod" test comnstituted the second major tcol of this program.
The "alpha rod" and the testing thereof in the oxyacetylene torch facility
is well covered experimentelly and theoretically in references {d}, (&) ama
(£). The "alpha rod" oxy~acetylene torch spparatus is shown in Figwe 6.
Briefly, the "alpha rod" which is 3/} inck in diameter and possesses a
thermocouple imbedded 3/8 inch behind its front face, is fed forward thiough
the heat shield at a rate equal to {hat of its ablation rate. The position
of the front face remains fixad, flush with the end of the flame shield.
Thus conditions of constant vne-dimensional heat flux exist at the front
face of the specimen. The ablation rate is recorded as well as its tempera-
ture history. The heat flux encountered by the front face or the "alpha rod"
is approximately 58 cal/ecm® sec. Fully realizing that there ere a host of
ablative conditions and environments siith materials performing differantly
in each one, the above described ablation test was chosen as belng an average
ablative condition although possidly not duplicating any particular one.

Infrared Spectroscopy

Infrared spectroscopy wes used as a means of verifying the structure
of starting materials as well as to indicate degree of conversion of epoxide.
Also IR was used to dotermine whether there was any residual free anhydride
after the post cure of an epoxy anhydride system. Selected chars taken
from "alphe rods" were examined using the attenuated total reflectance
technique with the IR. The infrared machine used is a Perkin~-Elmer Model
No. 337 Grating Infrared Spectrophotomater.

Crosslink Denaig

A crogslink density study was conducted on all the unfilled resin
systems given in this report. The percent swelling in solvent vepor
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technique was used as outlined by Dannenberg and Harp {ref. (g)). By this
mathod, the greater the increase in weighkt of s powdered resin systew the
Jower is its crosslink density. The value determined by this methed is
relative and not absolute. Hnwever, it is a simple ard reproducible method
of determining crosslink density. The pwrpose of this ctudy was to try

to correlate crosslink density with ablative performsnce of the resin
systens.

RESULTS
Thermal Gravimetric Analysis

The TGA results are given in both graphical and tedbular form in
Figures T through 13 and Tables 1, 2 and 3. The graphs show general trends
whereas the tables give more destailed information on the thermal degradation
of a polymer system.

Figure 7 shows the most thermslly stable reain system of each epoxy
resin studied in Fhase Y. Also a pbenolic was added for comparison. The
general trend shown here 1s that which prevails throughout all the epoxy
regin systems in this report, that is, the aliphatic epoxy resins performed
poorly, bisphenol-A type resins performed better and the novolacs performed
the best. Except for the aliphatic resin, all systems shown in Figure 7
had only a 10% weight loss in tLe region of L00°C.

Figure 8 shows the bisphenol-A type resin systems. All curves are
similar with the exception of NMA-Epon 828 curve which will be explained
later. Figure G shows Epon 1031, cured with various anbydrides and amines.
It 1s interesting to note the wide range of temperatures at vwhich initial
degradation taskes place and yet &ll the systems seem to converge at 550
+n 600°C to one curve.

Figuve 10 shows the widest spread cf values ¢f any epoxy resin in this
program. Initial degradation varies over a range of 150°C depending upon
curing agent used. Note the fairly wide temperature racge over vhich the
NMA cured specimen decomposes as opposed to the DADPS cured specimen. Also,
again note the step curve of the RMA cured specimen.

Tetrahydrophthalic anhydride (THPA) proved to be one of the poorer
curing agents as is shown in Figure 1. The mode of decomposition of each
resin vith THPA seems similar. Only after G0% weight loss does a major
difference appear. After 60% weight loss the resina seem to fall out on
a plateau indicative of the degree of aromaticity which each possesses,
Epon 828 having the lowest and Epon 1031 the highest.

In Figure 12 we see the ability of DADPS to produce thermally stable
polymers. However, once thermal degradation is initiated, the polymer
systeas decompose rapidly. Again note the superiority of the novolacs
over the bisphenol-A type resin.

e
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In Figure 13 we agaln sec the effect of NMA on the various resins.
All curves are similar, slthough displaced to the right or left deperding
on their aromaticity and functionality. All have the characteristic

Plateau effect of NMA cured epoxy resins in the region of 225 to 300°C.
Again note the superiority of the novolacs over the bisphenol-A type resin
in the area above 60% weight loss. This will be discussed later.

"Alpha Rod" Testing

The results of the "alpha rod" tests are given in Table 1 along with
the percent char as determined by TGA, crosslink density and specific
gravity. The ablation rates of most of the epoxy systems were high for
the most part falling in the range of 9.0 to 13.8 mils/sec. However, the
epoxy novolacs in combination with NMA and 20% filler, performed well with
ablation rates of 1.4 and 2.8 mils/sec for Epon 1031 and RDR-T01l, respectively.
There was little difference between the filled and the unfilled specimens of
the bisphenol-A type. However, almost a tenfold decrease in the aeblation
rate occurred for some of the filled novolac-type resins over their unfilled
counterparts. There was & marked improvement in the bisphenol-A type resin
13% the addition of 30% filler as opposed to the specimens with 20, 10 and

filler.

Crosslink Density

The crosslink density of the resin systems is given in Table 1. Cross-
link densities were widely scattered but a given value was generally repro-
ducible within 1% of the original value. DAIPS and MPDA generally gave the
highest crosslink density for any given resin system and in particulsr was
greatest for the novolac RDR-TOlL. NMA (methyl-bicyclo (2.2.1) hept-5Sene~-

2, 3-dicarboxylicanhydride) cured specimens had the lowest crosslink densities.

DISCUSSION OF RESULTS
Thermelgravimetric Analysis

Digcussion on the TGA will revolve arovund Tables 2, 3a and 3b. The
material in thase tables was taken from the TGA curves of the various resin
systems (Figs. 7 thru 13 inclusive).

In Table 2, we see that in general, all the resin systems composed of
the bisphenol-A type epoxy (Epon 828) have similar values and hence gimilar
thermal decompositions. Therefore we can asgert as a generalization that
the standard bisphenol-A type epoxy resins exhiblt thermal properties which
are independent of thelr curing agent except in the initial stages of
degradation.

Upon further perusal of Table 2, we note that diaminodiphenyl sulfone
appears to give the most thermslly stable materiasls with all three resins,
Judging by temperatures at which a 10% weight loss has oceurred. Somewhat
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paradoxically, note the temperature at whi~h the NMA cured resins have lost
10% of their weight. ITu every case, these systems started degrading at a
considerably lower temperature than any of the other systems; yet these
resins ablatively performed better by far than any of the other systems.

In Table 3a the same observations noted sbove are true. DADPS cured
systems give the lowest percent of the weight loss at 350° and NMA cured
systems give the highest percent weight loss at 350°C. At 450°C the TGA
cures of the DADPS and NMA cured systems approsch one another and in some
cases cross.

A different portrayal of the TGA data is given in Table 7b. From
this type of date a somewhat generalized correlation can be made between
TGA data and ablation rate data. This correlation is only valid for
polymers degrading in the range of 200 to 600°C since this is the only
area in which there 1s sufficient dats st this time. In genersl, for
a polymer system to perform well as an ablator, it's TGA weight loss
from 5.0 to 75.0% should occur over a temperature range greater than 200°C.
Also, the temperature range frem 70.0 to 80.0% weight loss should be grester
thar 200°C. The fact that the firs{ range is large indicates that the resin
degrades slowly and efficiently over a long range such as NMA cured specimens
and as opposed to Epon 828 + DADPS which undergo msjor degradaticr over s
small temperature range. The second range (70.0 to 80.0%§rshould be large
also since this would indicate a small slope which was caused by the for-
mation of a thermally stable char.

' Alpha Rod" Testing

As was noted under results, the ablative performance of these epoxy
resing, whether filled or unfilled, was poor except for the filled, NMA
cured novolac and Epon 1031. These latter resin systems performed well
and developed a strong char. It is propoesed thet this char is 8 silicone-~
carbon crosslinked polymer formed by the reaction of the epoxide polymer
with the Si0p filler at temperatures upwardes of 3000°C in the oxy-acetylene
torch facility. This char decreases in denslity but increases in strength
as you proceed outward from the virgin polymer-char interface. Figures 14
through 16 are photomicrographs of variocus chars from the "alpha rods" used
én this program. The magnification of the photomicrographs is approximately

X.

Figure lba is the front view of an Epon 1031 + NMA + 20% silica.
This char was formed during the entire duration of the run, (i.e., until
the heat source reached the thermocouple imbedded 3/8 inch from original
front face.) Note the cracks irregulerly spaced on the surface. These
cracks are necessary as they allow the diffusion of gaseous degradation
products from the underlying virgin polymers. These gases also break
dovn further on the myriad hot char surfaces through which they pass,
thus abgorbing more heat.
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Note in Figwe 1ib waich is the char surface at the virgin polymer-
char interface of the same specimen, that the cracks are still present
although the oversl). view of the chsr is of a denser one.

Pigure lic is a side view of the same char, again note the cracks.

Figure 15a is a photomicrograeph of the same type of char but a
different specimen. This front view exaibits an abundance of cracks
through which the degradation gases may pass.

The beck view of this same gspecimen is shown in Figure 15b. Rote
here, that there are virtually no cracks in the char structure. Therefore
the degradation gases, although they could diffuse through the char to
some extent, they could not be liberated fast enough to prevent a blow off
of the char by the pressure of these gases.

Figure 15c 1s a sldeview of this same apecimen. Note how it is smaller
than the previous chsar due to premature blow off. Note also the trail off
of cracks and the densification as the virgin polymer-char interface is
spproached.

A very dense cher is shown in Figure 16a. This ie formed by the
polymer system Epon 828 + MMA + 30% sllica. However, there are only one
or two cracks of any size to allow degradation gases to escape. Also note
in Flgure 16b, the back view of the same char, which is almost free of
cracks and very dense. Therefore due to the entrapment of degradation
gases beneath the char, blow off occurred before the char had reached
1/16" in thickness.

An excellent example of what happens if there is no filler present
is shown in Figure l6c. This is the same material as was used in Figures 1k
and 15 except the filler has been deleted. As can be seen, the char is
very flskey and soft. Continual spallation of this char occurred in the
gas velocity range obtained with the oxy-acetylene torch. As mentioned
before, the ablation rate of this unfilled specimen is about ten times
greater than its 20% filled counterpart.

Crosslink Density

After reviewing the crosslink density and other data in Table 1,
there seems to be no direct link between crosslink density and ablative
performance. The NMA cured Epon 1071 has the lowest crosslink density
of any of the resin systems yet gives the best ablative performance.
RDR-T01 and Epon 1031 cured with MPDA have the highest crosslink density
yet their ablative performance ig relatively poor. —.erefore, it does
not seem posaible to establish a correlation between crosslink density
and ablative performance at this time.
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sMA Cured Epoxy Resins

A study of the unusual stepvise degradation mechaniam of methyl-bicycle
(2.2.1) hept-Sene~2,3-dicarboxylic anhydride (RMA) was initiated after MMA-
cured epoxides showed promise as good ablative performers. It is essential
to know the degradation mechanism since this controls the erosion rate to
8 large extent. Once the mechanism is understood, it may be possidle to
inerease or dacrease the erosion rate of a material by altering the percent
of NMA or its basic structure slightly.

Infrared work shows that most WMA cured specimens have no carbonyl
frequencies at 1770 cm™* of 1850 cm~! indicating that almost all anhydride
rings have been broken. However, it is possidle that some monoacid-agter
remaing after cure and undergoes the following reaction in the 250-300°C
range.

O
TR [
0" g\ %BQ-TE-WV
gﬁf".\;‘ CE-CEV\ 55573650% = —© OH O=CE~AA
CE, 0 dcH 0.05 Be . g
CEs

The KMA would volatilirze off as soon as it was split out under these
conditions. The residual free acid is caused by an incomplete cure. This
may be due to steric or electronic effects of the methylene bridged bicyclo
structure of XMA in the partial inhibition of the formation of diester.
Decarboxylation also may occur btut only as & secondary effect after the NMA
hasg been split out of the polymer molecule.

CONCLUSIONS

Epoxy novelac and the Epon 1031 type resins sre the most promising
candidates for good ablative resins. fTheir superiority appears to de due
to their high degree of aromsticity and functionslity.

Standard epoxy resins {(i.e., bisphenol-A~epichlorohydrin condensate)
are inferior ss thermslly stable and sblative materials. Their performance,
vhich is to a large extent independent of the cuzring agent can e made
marginal only by optimum concentrations of curing agents, fillers and/or
plasticizers. Its low aromaticity and functionality are not sufficient.

Strictly aliphutic systems such as Epon 8Tl and TETA are inferior
materials in regaxds to0 thermal stabllity and sblation. Such curing agents
as diaminodiphenyl sulfone and metaphepylenediamine which give geod thermal
stability to a resin system do not necessarily give it good ablative
cheracteristics.
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The use of a filler such as 510, is necessary for good ablative
performance. A crosslinked silicone-carbon polymer is believed to be
formed by the reactior of certain epoxy novolac systems with the silica
filler in the oxy-acetylene torch test.

RECOMMENDATIONS

Further investigation of the epoxy novolscs should be undertaken. A
fairly wide variety of novolacs are known. Optimization of currently available
novolacs would give increased knowledge in the correlation of chemical and !
physical properties with ablative performence.

Continued research into the degradation mechaniam of NMA cured epoxies ;
should be fruitful from a number of points of view.

Investigation of polyethers formed by the catalytic homopolymerization
ol epoxides brought about by such compounds as BFsNHpCoH5 should also be
undertaken.

A study of the effects of other bridged bieyelo anh,/dride curing agents
should be interesting also. A whole family of curing agents of this type
is possible using the Diels-Alder reaction.

Various cyclic aliphatic and heterocyclic epoxides should be investigated
as to their ablative performance.
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M i o

1.) Formation of Secondary Amine

lOH
\
R—-NH2 + CH2~CH—R g R-I?I—CHZ--CH-R
H
2.) Formotion of Tertiary Amine }
(I)H (l)H
R—-N-—-CHZ“CH—-R + CH2~CH-R————> R—N—CHz—CH—-R
H (EH2
HO-CH

3.) Etherification

R—CH— + CHZ—CH—R'———-—) R—({H-—

|
OH O—CH,—CH~R

2
OH

FIG. 3 MECHANISM FOP. AMINE CURE OF EPOXY RESINS
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1.) Formation of Monoester

o) O o
/\ ] TR]]
0=C C=0 H~C~0~C C—OH

! |
H~C~OH + { > ——e i O
|

2.) Formation ¢ Diesver

| n { n
H=C~O~C C-OH H=C~0~C  (=O=CH;~CH-R

! O, ]
7/ \ \ OH
+ CH2-CH--R —_——p /

3.) Etherification  «ction g -

p - .
§ AN {
H=C~OH + CH, ~CH~R —7——% H--C~O~CH,~CH--R
] 2 Acid ] 2
Catalyzed OH v

FIG. 4 MECHANISM FOR ACID ANHYDRIDE CURE OF EPOXY RESINS
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FIG. 5 THERMAL GRAVIMETRIC ANALSIS APPARATUS
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EPON 1031 + NMA + 20% SILICA

FIG. 14 ABLATIVE CHARS AFTER "ALPHA -RON" TEST
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PN

FRONT VIEW EPON 1031 + NM4, ,

FRONT VIEW EPON 828 + NMA + 30% SILICA BACK VIEW EPON 828 + NMA + 30% SILICA

FiG. 16 ABLATIVE CHARS AFTER "ALPHA-ROD" TEST
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PEASE I MATERTALS ARD STATXOTICS

RESIN  CURING AGENT FILLER f‘ﬁﬁ&'é‘m % CHAR CROSSLIRK  SPECIVIC
mils/sec  at 550 C  DENSITY  GRAVITY
Epon 828 THPA None 13.8 4.0 60.3 -
Epon 828 THPA Yes 12.4 - -
Epon 828 TMA Fone 10.3 9.0 40.4 -
Epon 828 A None 9.7 1.0 62.2 -
Epon 828 RMA 10% 9.7 - - -
Epon 628 NMA 204 9.7 - - -
Epon 828 MMA 30% <1.2 - - 1.38
Epon 828 TETA None 10.1 5.0 37.1 1.29
Epon 828 TETA Yes 1.1 - - 1.29
Epon 828 MPDA None 9.9 1.0 36.6 .2
Tpon 828 MPDA Yes 10.2 - - 1.39
Epon §28 DADPS None 1.3 8.0 36.3 1.2%
¥oon 828 DADPS Yss 12.4 - s -
Epon 1031  THPA None 9.8 22.0 h6.b -
Epon 1031  WMA Fone 10.9 22.0 97.6 1.26
Fpon 101 WA Yes 1. - - 1.3
Epon 1031  DADPS None 10.8 23,0 32.0 -
RDR-TOL DADPS None 10.1 22.0 k.2 1.33
RDR~TOL DAIPS Yes - - 1.42
ROR-TO1 A None 10.2 26.0 57.3 1.28
RDR=T0L A Yes 2.8 - - 1.38
RDR-701 MPDA Hone 25.0 3.7 -
ROR=TOL MPDA Yes 9.9 - - -
ROR-TO1 THPA Rone 1.8 14.0 27.9 1.30
Epon 871 TETA None 4.0 51.3 1.03

TABLE 1
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COMPARATIVE TGA DATA
TEMPERATURE VS % WEIGHT 1088
M'—%u}‘t Toss

RESIN SYSTEM TOR i3
Bpoa 83 + WA 278°e 386°¢ heg* LA R
Epcn 826 + THPA 367° hos*® hoo* 4.8
Epon 828 + TETA 3T 364¢ bio® k35
Epor 826 + DA 381° “Los® k30 h50¢
Epen 828 + MPDA hore h13e hose Lks0®
Epon 828 + DADPS 4oo*® ki ho6® kho*
RDR-TOL + NMA 305° koge Log® 555°¢
RDE-TCL + THPA 3400 398¢ bzse 430°
FDR=70L + MPDA 364° 375°¢ 390° 535°¢
RDR-TOL + DADPS hake kene hhse 505°
Epon 1031 + A 260° 363° kot* 500°
Epon 1031 + THPA 365° 393° hes5® 502°
Epon 1051 + DAIPS Lok hao* lhse 5e8°
Eoon 872 4+ TETA 326° 355° 392° 433°

il s

e i« Sa——

TABLE 2
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COMPARATIVE TGA DATA
WEIGHT LOSS VS TEMPERATURE

Temnp. °C

RESIN SYSTEM 350° 100° k500
Epon 828 + MMA 22y 30% 68%
Eyon 828 + THPA 8% b/ 7%
Epon 828 + TMA 5% 20% 75%
Epon 828 + TETA 3% 35% 83%
Epon 828 + MPDA 1% oF 5%
Epon 828 + DAIPS 1% 10% 819
FDR-T01 + KMA 15% 22% 4o%
RDR-T01 + THPA 10% 265 5%
RDR-T01 + MPDA 2% 604 14
RDR-701 + DADPS 24 & 564
Epon 1031 + NMA 22% ) 69%
Epon 1031 + THPA 5% 3% 65%
Epon 1031 + DADPS <% 8% 55%
Epon 871 + TETA 20% 55% 8%

TABIE 38

S O s o T T T S RN RN

ad
3

B S i



xmy -

PTETRAIAMGASY Sr 2 e

TEMPERATURE RANGE OVER WHICH WEIGHT

FOITR 65-50

I0NSSES OF 5 to 75% A®D TO to 80% OCCUR

BT GO i IE

TEMP. RANGE FROM TEMP. RAKGE FROM
RESIN SYSTEM 5.0 to 75.0% 70.0 to 80.0%
Epon 828 + THMA 100° 10°
Epon 828 + TETA T0* is®
Epon 828 + THPA 165° 5°¢
Fpon 828 + ™A 200° 25¢
Epon 828 + MPDA 55° 25¢
Fpon 828 + DADPS 50° 10°
RDR-T01 + THPA 195° 25¢
RDR-TOLl + HMA 2715° go*
RDR=-701 + DADPS 100° 130°
RDR-TO1 + MPDA 190° 310°
Epon 103 + NMA 75° 150°
Epon 1031 + DADPS 135¢ 100°
Epon 1031 + THPA 150° 135¢
Koon 8T1 + TETA 135 20°

TABTE 3b

o




Jnclassified
Security Classification

DOCUMENT CONTROL DATA - R&D

(Sscurity classitication of title, body of sbstract and indexing annotation must be entered when the oversll report s classilied)

UTHONARIH G ACT: - ¢ Carpzoie-muthor). 22 RCPORT SECURITY CLASSIFICATION

aval. Ordnence Leboratery., Unclassified

White Oak, Silwer=Spring, WQ. 2b GROUP

SuRECQRLAT IFLE

@A CORRELATION OF POLYMERIC STRUCTURE TO ABLATIVE PROFERTIES,

[ DIICRIAT IV E NOTRSAType-el luaiva dates)

(@) Technical epart .,

S MATHOR(S)-Rrvr-nems.. Lk Do0K,, Al tiel)
0 Lge,’ Gerald J. Fleming -

4 72 ZOXMN RO OO PLARS ["?P%iN0-OF-REFS

SRR RGIVS-ORY
88 CONTRACT OR GRANT NO

Sa. ORIGINATOR'S REPORT NUMBER(S)
D Ta 3

b PROJSGTWO. ; mo;y}iﬂaél/%‘)?&d&g 1%]‘0 -65- 50

p=4

< 9b, OTHER n,:won'r NO(S) (Any other numbers that may be asaigned

thie repor!
d. . None \
10 AVAUFABILITY/LIMITATION NOTICES
Qualified requesters may obtain copies of this report frem DDC.
11. SURPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY - I
U. S. Bureau of Naval Weapons

None Weshington, D.C.

13 ABSTRA

L%he work contained in this report encompasses an attempt to correlate
the chemical and physical structure of a polymer with its ablative
performance. A broad range of epoxy resins ana curing agents were
exployed as model systems. Various tools such as "alpha rod" testing,
thermogravimetric analysis, crosslink density studies, and infra-red
spectroscopy wers used in making this correlation.

The epoxy novolac type resin performed the best of all the epoxy resins
in the "alpha rod" oxy-acetylene torch test while nadic methyl enhydride
performed as the besi curing agent for epoxy resins under these ablative
conditions. The use of s refrectory filler such es Si0p was found to be
necessaxry for good performance. The mechanism through which this filler

alds the ablative properties of materials is explained with the help of
photomicrographs.

!\

DD A 1473 Unclassified

Security Classificadon

(@‘N

RENLSTOT RS

A A oA s stk w22 n 7 T




Unclassified

Security Classification

14
KEY WOROS

LINK A LINK 8 LINK C

ROLE wT ROLE wT ROLE WY

abletive polymsre

epoxy resins
thernogravimetric analysis
polymer thermal atability

INSTRUCTIONS

1. ORIGINATING ACTIVITY. Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) 1ssuing
the report.

2a. REPORT SECURITY CL.ASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
“‘Restricted Data’ is included. Marking 1s to be 1n accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is spccified in DoD Dy-
rective 5200. 10 and Armed Forces Industnial Manual, Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
1zed

3. REPORT TITLE: Enter the complete report title 1n all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifice-
tion, show title classification in all capitals in parenthesis
immediately following the title,

4. DESCRIPTIVE NOTES: If appropriate, citer the type of
report, e.g., intenm, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

S. AUTHOR(S): Enter the name(s) of suthor(s) as shown on
or 1n the report. Enter last name, first name, middle initial,
If military, show rank and branch of setvice. The name of
the principal auther 13 an ahsolute mirumum requrement.

6. REPORT DATE. Enter the date of the report an day,
month, year, or month, yean If more than one date appcars
on the report, use date of pubiication,

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.&,, enter the
number of pages containing information.

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If eppropriate, enter
the 2pplicable number of the contract or grant under which
the report was written,

8b, &, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such us project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity, This number must
be unique to this report.

95, OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (etther by the oniginator
or by the aponsor), alao enter this number(s).

10, AVAILABILITY/LIMITATION NOTICES: Enter any lim-

1tations on further dissemination of the teport, other than those

:mposed by sec' rity classification, using standard statements
such as:

(1) ‘“Qualified requesters may obtain copies of this
report from DDC.”’

(2) ‘“Foreign announcement and dissemination of this
report by DDC is not authorized.”

(3) “U. S. Government egensiea msy obtair copies of
this report directly from DDC. Other qualified DDC
users shall request through

”

(4) **U. S. military agencies may obtain coples of this
report directly from DDC, Other qualified usars
shall request through

”
.

(S) **All distribution of this report 1s controlled Qual-
1fied DDC users shall request through

o
1f the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, 1ndi-
cate this fect and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING KILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay~
1ng for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factusl
summary of the document indicative of the report, even though
1t may also appear elsewhere 1n the body of the technical re-
port. If additionel space 1s required, a continuation sheet shall
be attached.

It 15 highly desirable that the abstract of clessified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classtfication of the n-
formation in the parzgraph, represented as (T$). (S). (C), or (U)

There 15 no limitation on the length of the abstract. How-
ever, the suggested length 1s from 150 1o 225 words.

14 KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataleging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geogrephic location, may be used as key
words but will be followed by an indication of technics! con-
text The assignment of links, roles, and weights 15 optionsl.

-

Unclagsified

Security Classification

a

e, ’g%c o e

w

A
S

e

5

S i

S T o gl




*pOTJTESTTONN
3} DIBD JoRIGEQY

308{0I3 *IIT
°L prsasyH
e G 8 |
S13td °I
OF30qULS
sugsey °¢
saeudyod *2
gogxodg °T
N DU —.
*pefIysevIoUn

2} D9 JouIjaAqy

josfoxd °IIT

L pIRISH
SUTWTd *IT
S13TdL I

o.mwon» S
suTIOY  °¢
saswitod 2
gopxody °1

*uoyy
~RTOLI00 PTG SwTiem T posn oxen Adoosoagoeds
poa-vIFUY puv soppnis L3yswep SmTIesoso
‘sTedlUne ojI3ouTavIFOMISYy €BugBeg , PO
sydye, ov Yons 37003 ONOTJIVA *OrReysds [opom
$% paioTden I0A S$JWeIv JUTINO DUV BUTESJ
Axode Jo oJuma peoxqg v *ecwewmiojasd g«w
ETQe $3T 34 Jomkrod » JO emgonays TRopsAy
PE® TUOTTRYO OY3 AYBTGIX0O 03 36weygu ue e
-zgedmocns a0doa GTHG WY DOWTBINOO JIOM oy

CIT4ISSTIONQ

*TO-v0=L00¥/T-2T2/EY0C0 WY 4893 sdoung

*#91qug ‘saauyo SesuyTy od1r 5961 1Ta9Y 62

*JurEsSLd °f preXen Aq ‘SHLINEION] FALIVILY
0l FUAIDMIS OTHFWXIOS JO NOLIVINYNOD ¥
{059 3xodea peopuyoes TON)

*Hi ‘3e0 egTM SAaoguaoqe] eowsupry TRARN

*wnl3
-2 TOLI00 8743 SUTHEL W} pOSn odem .Roo-ohvoawn
POX~BIFUY DuUS SRITpNYE LJTSUSD SUTLES040
fsyslTene OTJIGIUTAUIZOGIO] ‘JuTa8eq ,POX
aydye, €9 Yons £[003 #nofxes °sueqsds Tepom:
8% poAOTdr® SISA £YMELR JUTIMO PUB SUTLOI
Axode Jo sPuex pvoag Vv *eowswmrofasd nb.mw
9Tqe £37 Y314 JoxfTod @ Jo sumjonays Tuvopsiq
DUV TROTURYO 043 638T9IX00 03 drel3% uw se
-pesduoone 3scdex STH3 U] DPONTUINOO JI0M OUJ

GITJISSYIONR

.ﬁonnoomﬁ..w.nwm%..moq&mx.ﬁaox:m

rao1aey fEareTd rSA T d1T *5o6T 1Ia4Y 62

*JuTweTd *f pTRXeD A4 ‘STELINIIONd SALIVIAV
O RUMIDOMIS OTYFWICd JO NOTIVII¥OD ¥
{0g-59 3z0dex TworuRo93 ON)

‘PR R0 83N AI039I0qW] SOMBUPIQ TRASN

*petITssRIONN
3T DPIED J0WIGEQY

300 0xg °IIT
°f preaen
SUpHOTd ‘I
ST3TL  °I
OFFeN3
suysey  °¢
sxoATo0gd °2
sepxody g

* PITITSSRIOUN:
87 DPIUD L0VXGIRY

309f63d *IIT
M pPISaenH
SUpLeTd  *IT

ST °I
owwonvﬂmm
sugsOY ¢

sxowiyod 2
segxodg 1

w0t}
-2 TOLI00 Y3 SMEYew UT pern ozen Ldoovoxgouds
poI~RIFuy puv ‘goypnas £372UeDp AXLILL0OI0
¢STPATOUS OTJIFIUTARIZOWIOY] SEI}W83 ,pOX
wydie, $% YON$ $T003 SNOTIVA °*craysis [opom
8% poloydrs oIaM £4UeIY JUTINO PUT JWIMIL
Axode o ofuex peoxq ¥ °*eouewmiofasd P&w
~RTGR $£3% Ut Jonkiod ¥ Jo aanjonagr Tvot2dy
PEY TROTWRYO O3 ®3RIOII00 03 dmwqe R e
~ggedwooxe q30dex STHF W] DENTUINCO JI04 ol

CETITSSVYIONN

.Ho.owu\.oom\auﬁmmvonmo%xzpao%m
*goTquy ‘e o ‘o Mﬂ (1T *c96t 1324y 62
*JuUTeRTL °f PTUIS) Aq ‘SETINTJIONd FATIVIEV
0J RUAIOMIZS OT¥BWIOL J0 NOTIWISHH0D ¥
c (0g—g9 3xodea rrotuqoe? oK)
B R0 03yuA 4I04320qW SOWVHPID [RATN

IR GAADY  AUSID  CUTETRED GRS CEININ SRS RIS SWENAS  SW>

*nols
SRTLIO0 STYY BRIMNew W post oqem Adersoxqoede
POI~RIFUT puR ‘SITpngE A4TIUOD NPIEEOIO
‘epsdqeus oyxgouTaBIZOmIeyy €8wyysas ,pod
wydye, 2% Yons $£T0C3 snolxes *swegcdz Tepom
g% pofordre exem z3wede JUTJINO puv SUTEOS
Axods Jo efumx peoOXq Vv *eowemiofiad gww
8Tqe $3T Y3T4 JewATod ¥ Jo aangonxys Teotedy
PUR TROTIRYO O3 93900 03 2dmoa3u us Se
L-sgeduoone gx0doa $TY3 U DEXFEIROO NIam ong

CITJISSYIONO

.a?ew»\.oom\ﬁ.ﬁmmvo..moﬁmmxzp&eﬁm
*#oTqey “s3avYo feauTTT dTT  *go6T TIHV 62
*JUTWTI °L PIRISD AR “SITIWIIONd FATIVIEY
0% TUNIOMITS OIS0 J0 HOILWISNW0D ¥
c Aom..mo 320de TEOTXNO9G TON}
PR %0 eqTRM ‘4X020I0QWT @ONSWDPID TRATH

I [ S

-




